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A REVIEW ON THE PHOTOCHEMISTRY OF OH- AND M-
DEFECTS IN KC) CRYSTALS'

Spero Penhas Morsto? and Friz Loty?

ABSTRACT
A comprehensive investigation of the photodissocistion of mubstitutionsl OH ™ defects in KCI over @ wide range
of sture, s wd wncluding the study of the primery end dery Proch of m-
photodmociaton. It was found that st LNT, the stability of the Uy center (OH “primery photoproduct) P
Q. sbly higher than st LHeT. The same sffect wes observed in OH itwif &t AT. 'n-olouo"-cm
PhoTOGecOMEos:tion  processes indcate efficiont beca processss thet apperently binss the photoproducts

regeneraning the orgrnal ceanters. The used KC) host meterisl stands as & represevtative tor the lerge family of cublc
olhali halwde crystals, while the OH’ ion represents other distomic molecules of the type XH™ (like SH7), with
wpposdly similer proper tes. The ohesrved and pr n KCI:OH “mey therefore be regerded as & model
case for 8 large group of {crystat + defect) — systems.

1 -~ INTRODUCTION

Hydrogen defects are the most simple and fundamental chemicsl impurities in crystals which —
due to their simple structure — ere best sccessible to & full quantum mechenicsl trestment of their
properties and interactioms with the swrounding lattice. Alkali halides crystals are specially attractive
and informative for thess studies as hydrogen hosts because substitutional or interstitisl hydrogen can
sesity be identitied by their transitions due 10 electronic and/or vibronic excitations.

Hydrogen ions (U centers) can be incorporated substitutionalty!'*2! in slkeli halides, They
produce 8 strong structurelass siectronic sbsorption band in the UV the maximum of which occurs st
214 nm for KCI snd » narrow absorption line in the (R due 10 a strong localized vibretion of the
hydrogen ion {at 502 em-' for KCI’) above the LQ phonon frequencies of the lattics.

Low temperature UV light irradistion in the U band relssses the H™ion from s substitutionsl
site 10 an interstitisl position (L), center) with sn empty vacancy formed st the originet site. This
process is the low energy snslog 1o the formation of the intrinsic charged Frenke! peir produced by high
energy radistion in the pure crystsl. Subsequent prolonged brosd band irradistion in the UV will excite
the U, sbiorption of the H/ ion leading to its jonizetion snd trenster of the efectron beck to the anion
vacancy. Thess process can be represented by the following resctions:
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by this process the extrinsic charged Frenkel pair is converted into a neutral pair comisting of an F
center and an interstitial hydrogen atom (U, center). This istter defect is characterized by an electronic
sbsorpuion band in the UV (st 236 nm in KCI).

Hydrogen defects can also be directly obtained from the low temperature photodecomposition
of OH” impuvmes“' which sre incorpurated substitionatly in alketi halidcs(s'. OH™ 1ons, the most simple
heteronuclear distomic lattice de‘ect, give rise to electronic, vibrational snd librational optical
excitations. The electronic sbsorption consists of » broad structureless and sssymetric band in the UV
(st 204 nm for KCI).

The excitation of the OH "electronic transition producess the photodissocistion of the OH ~ion.
The primary products of this process, as initially proposed by Kerkoff'®! comsist of sn interstitisl
hydrogen atom (H‘: center) and an oxygen ion left at the original OH ™ lsttice site. This photoreaction
can be represented by the following equation:

(o) +ow e+ 0] @

In this present work we shali review the phenomenology of the photodissociation of OH;
defects in KCl over a wide range of temperstures including the study of the primary and secondary
products of this photodissociation.

Special attention 1 focused on the low tempersture thermal behaviour of the several
photoproducts involvad and ther possible stabilizstion st higher temperstures if a suitable trap is
provided The next paper {(part H{ ) ) will present a detarled study on the formation and extinction
kinectics of 3 new configuraticn of stomic charged hydrogen that is not connected to any other
mpurnity.

2 - EXPER!MENTAL PROCEDURES

Most of the optical meaturements, optical and thermal trestments were carried out with an
He'¥ optical made by F. X. Stohr (Germany). This cryostst was provided with four windows which
permited paral'el and crossed optical beam experiments, together with the possibility of exchanging
windows accorting to the specific spectral requirements of the experiment. A variable temperature tail
for this cryostal was designed and built, based on the principle of exchange gas as a thermal switch'’
controled by thermocouples snd thermistors. The sample holder was designed 10 meet the most variable
requirements such as crossed or parallel optical beam geometries. It consisted of an L-shaped piece of
copper machined out of 8 sohd block. It was pressed against the bottom plate of the exchange gas
chamber by a circuler brass flange, with indium foils interposed between the mechanical parts to
incresse the thermal contact. In this way, quick changes of geometry were possible just by relessing the
flange screws and rotating the sample holder. Soldered to the ssmple hoider was 8 heater siement. The
high power dissipation characteristics of this hester were necessary in order to achisv, Quick tempersture
changes, different heating rates and high temperature snnealings. The hester element wat powered by 8
Ve transformer.

The KC! crystals wers grown from the melt by the Kyropoulus method under » controlied
orgun gm atmowphere'®) in the Utah crystal growth leborstory. The starting crystal materisl was
ultrapure rade from E. Merck AG Darmstadt {Germany). Some ultrapure materisl was subject 1o 8
pretreatment with HCI st high temperatures to eliminate a5 much ss possible traces of OM” or oxygen
impurities. In other crystals, KOH was intentionslly added 10 the melt in controlied smounts in the
rangs of 10°? 10 10°* mole pecant 10 dops the crystal with the desired O™ content. The semples
were clesved from the middie of the biock 1o svoid the (pomibly contsminated) surface sections. Sample
dimensions ranged from .30 1o 10.0 mm thickness for the opticsl peth sccording 10 the experimental
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= requirements. The samples were mounted on the sample hoider by compression with a speing-loaded
copper trame.

For undispersed UV # visible light irradiations, we used 3 150 W Yenon lamp from Hanovis
B01C - 11. mounted in & Bausch Lomb lamp housing and equipped with UV grade quartz condenser lera
system. For monochromatic irradiations in the UV region we used the Xenon lamp mounting attached
to a Bausch and Lomb grating monochromator. The band pass used was approximately 20 nm. In
general, higher order spectra were not eliminated. When it was necessiry to obtain a fairly pure
monochromatic iradiation, two monochromators were coupled in a tandem srrangement. Optical
sbiorphion measurements were carried out with the Cary 14 or Beckman IR-12 recording double-beam
spectrophotometers. The resolution obtained with the Carry 14 was stound 1 nm. The resolution
obtained with the Beckman IR-12 was vanable, from 1 t0 12em™? according to the experimental
requitements. The detesmination of concentration for the centers involved in this work was done by
using the Smakula farmula. For calculation of the OH™ concentration we used the calibration described
by B. Fritz, et ai'?

3 — RESULTS AND DISCUSSIONS

31 - Low Temperature Photochemnt-y

In ouwr effort to study comprehensively the photodissociation ol the OH™ detect i KCI, we
covered the whole temperature range from liquid helium to room tempersture and divided this
temperature range into thiee intervals. The choice of these intervals was suggested by the thermal
stability of the main reaction products of the OH~ photodissociation. The first and most important
temperature interval to study the OH™ photodissociation is the one in which the H"': center is thermally
stable, that 1. below about 100K. Below 200 K we find other canters like H thermally stable and this
defined the upper limit of our second tempersture intervel. Above 200K, up to room temperature,
spparently none of the products of the OH ™ photodissociation is stable.

Like most of the slkali halides, the OH" sbsorpiion in KCI it broad {helfwidth «bout 0.5eV),
structureless ang sssymetnc, and has an oscillator strength of about 0.13'59) we photadissociated the
OM defect in two different temperatures (LHeT and LNT) as displayed in Figure 1. By irradiation into
the OH band we obtained its decrease sccompanied by the increase of the other bands. due 10 the H
snd the O~ centers which e the prmary proc icts of the OH™ photodissocistion. Only the long
wavelength iad of the O band could be measured dus to spectral restrictions cf the spectiophotometer.
In these temperatures the OH™ photodissociation process showed a tempersture independent quantum
efhciency.

The electronic absorption of the H": center in KC| consits of @ single bend {U; band) pesking
at 238 nm. Like the OH” band for KCi, this band is structureless snd sssymetric (halfwidth sbout
0.40 eV) and its 03112107 strength is of the order of 0.33. Similar to the OH ™ photodissociation process
we obtein by irradistion st LHeT into the U, bend, its decrease sccompsnied by tha appesrance of two
other bands, the U bend (H™ center) and the H band (CI° crowdion). The photodissocistion of the N et
LHel is spectrally shown in Figure 2. The simultsneous crestion of U snd H bends strongly indicates
that the hydrogen siom occupies the vecancy 'eft by the halogen stom during the excitation. This
process can be represented by the following equation:

[E]’W‘NV*E]OO‘: L))

The HY centers generetad by the photodissociation of OH™ defects sre isolsted and unperturbed
nteratitia) hydtopcn otoms which have been extensively studied by EPR and ENDOR techniques in
sever sl pihpli hatuims! 1011, 2.0 {see Figura JA). H" canters can also be produced either by wradiation
-mto U, bend of H datects! ' of by the phomhu.mnmn of any molecule of tte form XH™ {like



sH 6. '.') X standing for an element of group V). In a model proposed by Kerkot!, et al“ n , the H°
center can be descnibed by a tetrahedial HCI, molecular ion in which one positive hole in ns gmund
state is mainly bound to the interstitial hydrogen atom (Figure JA). This ground state hole gives riss to
8 in fesonance. In the U; band optical transition to the excited state, a charge transfer mechanism
biings one electron of the four surrounding chiorine ions into the hydiogen atom (Figure 38). Therefore
the urnrelaxed excited state of the H° center will correspond to a configuration where the hole is more
bound to the four surrounding halogen ions and consequently less localized {Figure 38). Kur'1®
wggested 1hat in this excited state the lattice will undergo a non-cubic relaxation process (static
Jahn-Teller distortion, Figure 3C) after the H‘: center excitation takes place. This non-cubic lattice
relaxation will lower the symmetry posubly displacing the hydrogen ion in the < 100 > direction and
moving chlorine ions in the < 100 > directions. A polanization of the charge distribution will a'so take ~
place chanqing the potential experienced by the hydrogen. The hole will tend do become more locahzed
8t the two chiorine 1ons which approach each other. Annihilation between the transferred electron and
the hole may occur restoring the onginal H° center configuration. Experimentaily, however, one
observes the H° center photodestruction (wuh 8 quantum efficiency which is not yet determined
quantitatively}. ‘l'rm fact will require some finite escape probability for one of the Cl atoms. 11s vacancy
will be occupied by the hydro en ion forming 8 H™ center. The halogen atom will escape in a < 110>
colhision replacement sequence until it is well separated from the vacancy (hydrogen) feft behind and
stabihizes as a CI crowdion (H band), as seen in Figure 3D.

A more quantitative app-oach to the H‘: photadestruction leads us to Figure 4A where we show
the changes in the height of the U;, H and U bands a3 a function of the monochromatic U; band hght
inadiation at 6K. Plotting the formad reaction products (H™ and Cl° centers) against the destroyed N°
centers, we obtan straight lines (Figure 4B). This is consistent with thc sssumption that the H" cemen
decompostion proceeds 1n 3 one-to-one ratio to form both H™ and Cl‘: centers (Eq. 4). In thu picture,
the ditferences in slope are due to differences in oscillator strengths and halfwidths of the two bands.
From these slopes the refative oscillator strengths of the U;, U and H absorptions can be determined.

From the thermat destruction of ait Cl‘: crowdions (monitored by the complete extinction of
the H band), we observed that the process describe ; by Eq. 4 has not been completely reversed. This is
clearly shown in Figure 2 which contains the tinal balance between U and U; bands after the complete
M center destruction by anneaiing 10 77K was made Figure 2. Considering the ratio between the
smounts of M- defects consumed in this back process snd the amount of Hf centors returned, we get
the same value obtained in the production process described by Eq. 4. This indicates that apparently no
H” or H centers were involved in other reactions during the annealing procedure. Nevertheiess, the ratio
between IS crowdions comumed and M) centers refurned is much higher ther. in the crowdion
production wocm indicating that part of |ho C1$ crowdions during thesma! snnealing did not make this
tome back process but must have been trapped and stabilized somewhere ¢lss in some Other form.
Howsver, N0 new sbiorptions were absorved 10 develop in the whole UV snd visible region of the
spectrum. The question, into what structures the mobile CI$ crowdions become trapped and stabilized,
remaing Open and unemwered at this point.

Irrad.stion into the U, band st LNT leads t0 spectral changes very similer 1o the ones obtsined
in the sbove discussed case of LMHeT irradistion: The U, bend is reduced and the U bend is formed
{Figure B). No H band is formed ss espected from the fect thet the CI5 crowdions sre no longer stable
st LNT. If we plot ~ similarly s for the LMeT cose in Figure 4 — the U, and U band chenges sgainst
irradvation time (Figurs 6A) and compere the incresss of the U bend with the Uy bend decresse
{Figure 68) we tind, in comperison 10 the LHeT behavior, the following chenges:

a) The initis! quantum efticiency for the opticsl H$ center destruction is sbout ten times
smelier than it was ot LHeT (Figure BA),

b) Though # linesr relstion between U bend decresse and U bend incresse is agein obtained
(Figure B8), their ratio is differant from the one obteined st LHeT.



Phenomenologically (a) shows that the stability of the H° center against optical bleaching is
comiderably higher than at LMeT. If we assume that the initisd pholodeslmcnon of the H° center
produces the CI5 crowdion center (as it does at LHeT)., this thermally unstable interstitis) center may
smily ummbmo back and restore the initial H° center. This would account for the low elficiency of
the H° center photodestruction,

Still in 10% of the U, band excitation csses {compared 10 LHeTl, the H} photodestruction
works and U centers e lormed. This means that the mobile CI} crowdion d-d escape without
recombination and must get trapped snd stabilized st some unknown plm undetectable with UV and
vitible spectroscopy. The fact that in this process the | AU | : | AU, | ratio is different from the 1:1 ratio
found st LHeT as indicated in (b) suggests that hydiogen is some form may be involved in the
stabiiization and trapping of the CI‘: crowdion,

The precondition for this line of srguing is the assumption that the photoexcitation of the H"
center st LNT leads — similarly 10 the LHeT case-primarily and initialy to the formation of » cuo
cowdion — even if it is thermally not stable and therefore not detectable by the H-bend. This
#umption was experimentally proved by simple offering the CI crowdions » trap would thermaily
stabilize them. This was achieved by additionally introducing Ns' -mpum-es in the KCI:OH " system. CI}

canters trapped in the immaediate vicinity of a simple substitional Na* impurity sre the so called H
nm
oenters

H, centers in KCI give rise 10 a strong transition at 357 nm and o weaker one at 560 nm,
Thess H, bands have a thermal decay temperature of sbout 113K. We repested with KCI:Na® + OH”
caystsl a1 77K the same previously described sequence of monochromatic irradistions starting with the
OH" photodissocistion, foliowed by the U; band photodestruction. The results sre displayed in Figure 7,
As we can see from there, we were able 10 produce M centers and have them trapped at Na® impurities
snd stabilized st 77K. This process can be described by the following equstion: ’

[o]) ¢ W] + mo o moe [W] e 1cMag0 1y conen (5

These experiments show clearly that shotoexcitation of HY centers st LNT leads (similar 10 the
LHeT case) 10 the production of CIS crowdions. The difference 10 the low temperature case is that
these crowdions are thermally unstable and mobile (i.e., don’t sppssr by the H band sbsorption). They
#ither recombine with the U center and restore the initial M defect, or escape in the lattice looking for
o different trepping site. In 8 Na* doped crystel they can be trmd by o Na’ ion, forming the thermally
fisble H, {No") configuration. We can thevefore conciude that in our crystel with oxygen snd verious
hydrogen defects a different trapping place is operative, which can stabilize the mobile CI} crowdion
ond thersfore eliow even st LNT the H°-°H comvertion. Thus we must have st LNT mmo‘ the

type:
Primery process: + H‘: + hy= [B + 0‘: (mobile) 6
Back -resction; Cl’, (mobile) + @ - CI° ¢ H‘} 7

Excoperesction:  CIf (mobile) + X, = [CFX ®

trop lfl'l

The seme xm, would have been responsible for the unaccounted dissppesrance of CI"
crowdions in the thermal snnesling process after their production ot LHeT, trested before. In bmh
cosrs, N0 UV 0r visible ebsorption has been found to identify the [CI} X wepl OMPIEX. As hydrogen in

—oome form is & strong cendidste for the X"“, we st wp IR onpmmum with the sim to possibly



«lentify the trapped CI crowdion by local mode spectroscopy. This subject will be treated in the
next paper (Part 1),

3.2 - Phowdecomposition of OH™ shove 120K

We next investigated the OH~ photodecomposition st temperatures above the therma)
subility of the HT center. By irradiating into the OH™ band at 150 K, we obtained its decreawn
accompanied by lhe increase of the H,0” band'?9), This procms is displayed in Figure 8. Plotting
in 3 manner simily to the low tempersture case, the OH™ and H,0” band changes vs. irradiation
time (Figure DA), snd compering the incresse of the H,0™ band with the OH™ band decreass
{Figure 98}, we find thet following results: a) compered to the LNT or LHeT OHW"
photodecomposition, we observed that the initial quantum efficiency of OH"~ destruction st 150K
is a factor of 1wo higher than it was at LNT or LHeT; b) by plotting the OH" sbsorption band
decrease vi. H,0° absorption bend increase, a linesr relstion between the OH™ decreass and H,0
incease i3 oblained (Figure 9B), indicating @ direct conversion process between centers without
other side reactions.

The factor of two obtsined betwsen the OH™ destruction rates st LNT or LHeT ond
150K suggests that for each H,0° center formed two OH™ centers were consumed — one by
photodestruction  process, snd the other by tapping 8 mobile H center. These observations
suggested the following set of equations:

Adding these twO equations, we obtains:

At higher temperatures (especidlly st RT) it is very hard — if not impossible — to control
sl) the process thet ae taking place simultaneowsly due to the instability snd consequent mobility
and mygregation of the different centers involved. Processes Jike interstitisl molecules snd colloid
formations sre ususily the end products of high tempersture photochemistry. To get an idea of
how » pure KCI:OM™ system woukd behave under OH" ligh irvadistion st RT, we besically repested
the experiments siready done et lower temperatures and observed that wery littie changes ocurred.
We obtaned s sight shift 10 lower energies (=25 nm) in the original OM" band in the UV region,
powibly dus to 8 very smell emount of U-band devsiopment, snd & wery small build-up of sn F
bend. These resuits clesrly show 8 high stability of the OM” defect sgeinst optical bleaching st
thess high temperatures. As none of the primery snd secondery reaction products trested st low
temperstures (HS. H,, CIS, H;07) remain stable {or lack of stable trapping pertnes) st this high
temperssures, sn officient backgrocess spperently regenerstes the OH™ cemter after in
photo-dimociation,



Uma bwastiguclo comgresneive wobre 8 fowdinociacio de defeitos sbatitecionsis OH ™ em KO foi revista pere
ume extors regiio de tempeneiies, inciuindo o eudo dos produtos primiriv ¢ sscundéric rsultentes deswe
fotodimocisglo. Fol encontredo que 8 estebllidede do comtro U, (produto primisic de dissocieclio do ON™), sod
brudisclio UV & wmpwrsture de N, liguido ¢ conelduramiments melor que B Wwmparsturs de Me Iigeido. O meswo
sfeito fol cbesrvado com o (on ON” ) wmpesture smblente. Es precesso de forodimocieslio de belxs sficiingis indice
um procssso reversivel de ahta eficiincis que aperenteme=te recombing os produtos de fotodisvocieclio regenerendo ©
oantro orginel. A matriz KO utilizeds neste cam § tids como & do representants de famflie de crisels cibicos d
halaws sicalinos, enguanto que © lon OM " represants molitulss dissdmices do tipo XH ™ (como SH] com progeiedaies
similees. Os fondmence ¢ processos obesrvedos em KCI:ON ™ podeen dests forme ser Interpratados Gomo casoe modelo
PEre um extenso grupo de sistermes (cristale ¢ defeitos).
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Figure 1 — Optical sbsorption spectra of 8 KCHOM™ crystel showing the primary products of OH°
photodecompovition under OH™ light (204 nm) sfter different irradiation Timms 81 0.5K [A)
and 78 K (B).
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® Hydrogen Ion
® Potassium Ion

Figure 3 - A H conter ground state (the hole is bound to the ™ ion).

8. H' conter unreiaxed excited state after the charge transter (the hole is shered equally by
the four Ci™ lons).

C. Lattice relaxation and the Jahn-Teller distortion (the hole becomes more locelizedst the
two CI” ions which spproach esch other).

. Formstion of an H™ center with the crestion of & CI$ crowdion movingins< 110>
7OpiscComent sequence.
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Figure 4 -- Photodecomposition of U, centers at 6K.
A. Docremse of the U, bend absorption and incresse of the U- and H-band sbsorption s 8
function ol irrediation time [monochromatic 235 nm light).

8. The U- and M band incresse piotted » » function of the U,-bend decresse, yielding linesr
correistions.
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Figure § — Photodecomposition of U; centevs st 77K.
A. Decraase of the U, -band shsorption and incresss of the U bend sbsorption. The dashed
ing sndicates the initisl rate obisined st 8K.

8. The U band incrasss plotied = 3 function of the U, bend decresse. The dashed line
indicsies the same resction st 6K, corrected for the brosdening eHtect on the pertubed

H' centers.
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Figure 7 — M, centar formation in 9 KCIOH™ ¢ Na® crystal uider Uy light irradiatien ot LilT,
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Figure 8 — Optical absorption spectra of # KCI:OH™ crystal, messured st 77K, showing the direct
secondary product formation of the H,0° hght Irradistion,
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